The mechanisms causing stiction of polysilicon structures fabricated by surface micromachining techniques have been investigated. It is found that during drying from rinse liquids attractive dynamic capillary forces are responsible for bringing micromechanical structures into contact with the underlying substrate. Measured adhesion energies of sticking microbridges indicate that van der Waals forces are responstble for the stiction of hydrophobic surfaces and that hydrogen bridging is an additional adhesion mechanism for hydrophilic surfaces. Methods to reduce the stiction problem are indicated.
Intruduction
A notorious problem of surface micromachined structures using the sacrificial layer etching technique is the permanent attachment of slender structures to the underlying substrate after drying. This phenomenon is known as sticking or stiction [l-6] . It is assumed that during drying attractive capillary forces bring micromechanical structures into contact with the substrate. After complete drying the structures remain stuck to the substrate. It has been suggested that etch residues [l, 21, electrostatic forces [3] and condensation of water between the structures [4, 51 may be responsible for sticking. Understanding of the sticking phenomena is important for both static (beams) and dynamic (rotors) applications of surface micromachined structures with respect to technological realization and tribological aspects.
In this paper a model is presented which describes the pull-in behaviour of beams during drying from liquids, characterized by a pull-in length detined as the maximum length beyond which beams are forced into physical contact with the underlying substrate. Surface micromachined polysilicon microbridges have been fabricated and the pull-in length has been measured. After drying, beams with a length greater than the so called detachment length remain stuck to the substrate. A relation between the detachment length of microbridges and the corresponding adhesion energy is given. The resulting bond strength has been determined from measured detachment lengths and is correlated to possible adhesion mechanisms.
Full-in length
During dying, the surface tension of the diminishing liquid induces an attractive capillary force which is inversely proportional to the gap spacing between the beam and the substrate, see Fig. 1 . The restoring force consists of the bending and stretching stiffness of the beam. An increase in the deflection of the beam results in a decrease of the gap spacing and thus an increase of the capillary force. If the restoring force is not able to counterbalance the capillary force, the deflection does not reach an equilibrium position and increases until physical contact with the substrate is made. This behaviour is similar to the electrostatic attraction between two conducting surfaces as a result of an applied d.c. voltage as described in ref. 7 and can be modelled in a similar way. In the following analysis, the process is assumed to be quasi-static.
The differential equation for the static deflection w(x) of a prismatic wide beam subjected to an axial (tensile) load N and a transverse capillary pressure q is given by: 
is the plate modulus and E and v are Young's modulus and Poisson's ratio of the beam material, respectively, I=bhY12 is the second moment of inertia, y is the surface tension of the liquid, 81 is the contact angle between the liquid and the beam, $2 is the contact angle between the liquid and the substrate, d is the zero displacement gap spacing, b the beam width and h is the beam thickness. An approximate solution can be obtained using the Rayleigh-Ritz method. A deflection profile is assumed which satisfies the geometric boundary conditions (zero displacement and rotation at the supports). The total potential energy II can be expressed as:
where Vtxndings Vstrettiiy are the strain energy terms due to bending and stretching, respectively, and V au&cc tension is the potential energy due to the surface tension or capillary force of the fluid, given by: where 1 is the beam length. Trigonometric functions are very convenient for solving problems of clamped-clamped beams. An appropriate deflection profile is:
where a is a coefficient that has to be determined. For a system at equilibrium, the first derivative of the total energy with respect to a is equal to zero. For a stable equilibrium the total potential energy must be at a (local) minimum, implying that the second derivative with respect to a has to be positive. The transition to an unstable system occurs when the second derivative equals zero. Solving these equations simultaneously yields the following expression for the pull-in length L,, and the corresponding value for a:
The effect of the geometry and the residual strain l = NIEbh on the pull-in length is shown in Fig. 2 . For the condition that &IlCd2~N2, the influence of the residual strain on the pull-in length can be neglected and expression (7) becomes:
Note that the bracketed expression on the right-hand side of eqn. (8) gives the pull-in length in case the problem is simplified and the beam is modelled as a spring-mass system. The spring stiffness k for this special case is given by k = 384&1B3 and the active area is equal to bl.
Detachment length
If the beam length exceeds the pull-in length physical contact with the substrate will be made during drying from the liquid. Physical contact, between the released microstructures and the underlying substrate, in turn induces an adhesive bond. If the strength of the adhesive bond exceeds the mechanical 'pull-off force', the structures remain permanently stuck to the substrate. The bonding strength of sticking beams can be determined from their detachment length as presented by Mastrangelo and Hsu [5] for cantilever beams. It is evident that the detachment length is always equal to or larger than the pull-in length, since sticking only occurs after physical contact has been made.
Using an array of beams with increasing length the detachment length is equal to the length where a transition occurs from sticking beams to free standing beams. The relation between the detachment length and the surface energy is derived as follows. The stored elastic energy in doubly clamped beams again consists of a bending and stretching term, see eqns. (3) and (4). The energy of adhesion is stored in the segment of the beam that is in physical contact with the substrate. At equilibrium the total energy of the system is minimized with respect to s (see Fig. 3 ) and an expression for the bond strength can be found. In this case an appropriate deflection profile of the beam is:
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where s is the region near the support of the beam that is not sticking. We find for the total energy of this system:
Equilibrium is found by setting dU,,,,/& =0, yielding the value for s at which the energy is minimal. The energy has a single equilibrium point if s < 112 and no equilibrium point if s>l/2, i.e. the beam is sticking to the substrate in the former case and is free standing in the latter case. At the transition from sticking to free standing beams, s is equal to l/2 giving the following relation between the bond strength ys and the detachment length L,,,: rr4i+h3d2 z-=eEhd= %= qLde14 + 4L,,, ( 
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The influence of the residual strain, both compressive and tensile, on the detachment length is very small when &,.,%r*h'*:
1. In this case the second term on the right-hand side of eqn. (11) can be neglected.
Adhesion of solids
By measuring the detachment length of samples with different combinations of gap spacing and beam thickness, the bond strength can be determined. From the measured value of the bond strength, as determined from the detachment length, information about the adhesion mechanisms that are present can be deduced.
The contents of this section are based upon the adhesion theories described in refs. 8-12. Interactions between solids which bring about adhesion can be classified as follows [8] . First there are long-range attractive interactions, including capillary forces, van der Waals forces and electrostatic forces, which establish the adhesive contact area. Secondly there are shortrange interactions caused by hydrogen bonds, chemical bonds and metallic bonds. Interfacial interactions based on diffusion and alloying are generally very slow at room temperature and will not be considered.
After HF etching, the hydrophobic silicon surface consists mainly of Si-H bonds which are chemically stable. The silicon surface shows a logarithmic growth rate up to roughly half a monolayer equivalent of silicon oxide during exposure to water or air. This growth rate increases after 3 h exposure to water and after nearly one week exposure to air [13, 14] . On further exposure the surface becomes hydrophilic. Because the surfaces are contaminated, strong ionic interactions between silicon surface atoms are screened out. Chemical reactions between surface hydroxyl groups only start to play a role at elevated temperatures [15] . For comparison, a system consisting of two solids, each one having the form of an infinitely extended half space, will be considered. The bonding energy per unit area due to the most relevant adhesion mechanisms is discussed below. Figure 4 shows the bond strength for each mechanism as a function of the separation.
van der Waals forces
van der Waals forces result from the interaction between instantaneous dipole moment of atoms and can be described by the Lifshitz theory [8, 91 . The expression for the van der Waals energy is given by the following equation for separations in the nonretarded regime (S<20 nm):
10-g 10-s 10-7 lo.6
Distance [m]
Fig. 4. Bonding energy vs. separation. The capillary energy was calculated for water using a surface tension of 73 mN/m and a contact angle of zero degrees with a reference distance 6. of 2 am. For the electrostatic energy a voltage difference of 0.5 V was used and for the van der Waals energy a Hamaker's constant of silicon in air equal to 27 x 1O-2o J was used. E H vdW= s (12) where H is Hamaker's constant and 6 is the separation distance. The surface energy due to van der Waals forces between two solid surfaces in contact can be predicted by:
where D, is a cut-off distance of about 0.2 nm [9] . This yields a surface energy for silicon of 90 mJ/m2 using a Hamaker's constant of silicon in air of 27 X 10e20 J [18] .
Capillary forces
The energy as a result of capillary forces is given by: 6.
where y is the surface tension of the liquid and 61 and 82 are the contact angles of the liquid with the two surfaces. As opposed to the other mechanisms, the reference distance S, of the capillary energy cannot be chosen as infinite but it is readily shown that, under conditions of meniscus forces, the capillary energy exceeds all other adhesive components (see Fig. 4 ). When two hydrophilic surfaces are in or close to contact in a humid environment, water will capillary condense in the small gap between them until the meniscus radius reaches the Kelvin radius r, as determined by the Kelvin equation [9] .
Electrostatic forces
Electrostatic forces can arise from Coulomb attraction between charged objects or from the contact potential between two surfaces caused by differences in the local energy states and electron work functions. Its energy is given by:
where U is the potential difference between the surfaces separated by an air gap with permittivity e,,. At small separations electrostatic pressures equal van der Waals pressures only for extremely large surface charge densities (> lOl3 elementary charges per cm') and large contact-potential differences (> 0.5 V) and are unlikely ever to exceed them [8] , see Fig. 4 .
Hydrogen bridging
Hydrophilic silicon surfaces contain a large number of hydroxyl groups. The hydroxyl groups can form strong hydrogen bonds as the separation between both surfaces becomes small. The density of hydrogen-bonding sites is given by the number of silanol groups and is found to be 5.0 f 0.5 per nm* for fully hydrated silica surfaces [16] . The strength of most hydrogen bonds lies between 10 and 40 kJ/mol 191, thus yielding adhesion energies between 0.1 and 0.3 J/m2 for these surfaces.
Besides the above mentioned bonding mechanisms Alley et al. [2] 
In addition, all attractive forces except the meniscus forces decrease rapidly with increasing distance.
In practice, the surfaces exhibit a surface roughness which strongly influences the real contact area and nominal separation [18] . The surface roughness has a significant effect on the adhesion of elastic solids [19] and small increases of the surface roughness are sufficient to reduce the adhesion to very small values.
Experiments

Fabrication
Test structures consisting of an array of doubly clamped undoped polysilicon beams were fabricated. First, a PECVD silicon oxide layer was grown on an n-type (100) silicon wafer (5-10 0 cm) from a 2% SiH, in N, gas mixture and N,O gas at a pressure of 650 mTorr and a temperature of 300 "C. This layer was patterned using BHF to form the beam anchors. Next, an undoped polysilicon layer was grown by LPCVD from SiH, at a pressure of 250 mTorr and a temperature of 590 "C. The wafers were then annealed at 1100 "C in N, for 1 h to obtain a low residual stress (typically in the order of 10 ppm). The polysilicon layer was patterned by RIE using an SF, plasma to form the beams with lengths ranging from 10 to 200 pm in steps of 1 pm and widths of 20 and 50 e. The polysilicon and the silicon oxide thickness ranged from 0.5 to 2 pm in steps of 0.5 pm resulting in a 4 X4 matrix of the gap spacing d and the beam thickness. h. Samples were cleaned prior to sacrificial layer etching. Sacriticial layer etching was done in a 50% HF solution for 25 min. After this, different treatments were used. Special care was taken to keep the wafers wet and as clean as possible. Dilution rinsing for 15 min in DI water and drying yields hydrophobic wafers dried from H,O. Adding isopropylalcohol (IPA) to the water keeps the wafers wet after removal from the solution. Next they were rinsed in IPA for 15 min and withdrawn from the liquid. This procedure gives hydrophobic wafers dried from IPA. A set of hydrophilic wafers was also produced by adding nitric acid after DI dilution rinsing. At a concentration of 70% nitric acid the solution was heated to 100 "C for 1 h to render the silicon surface hydrophilic. After dilution rinsing for 15 min in DI water a set of hydrophilic wafers dried from Hz0 was obtained. The same procedure followed by an IPA rinse as described above gives hydrophilic wafers dried from IPA.
Measurements
Pull-in length Toverify the model for the pull-in length, hydrophobic and hydrophilic wafers dried from IPA were used. Wet samples were placed under a microscope connected to a video camera system. The drying process was recorded using interference contrast and pull-in was visible during slow replay. The shortest beam showing pull-in due to the surface tension represents the pull-in length. The results are shown in Fig. 5 .
The contact angle of a droplet of IPA on a hydrophobic or hydrophilic silicon surface was measured to be smaller than 5". The measured contact angles of water on hydrophobic silicon and water on hydrophilic silicon were 70 1fr5 and 5 &:SO, respectively.
Detachment length
After drying, not all the beams that pulled-in during drying deflect upward again but some remain permenently attached to the substrate. The transition from sticking to free standing beams after drying, the detachment length, was also determined by interference contrast microscopy (see Fig. 6 ). For the detachment length experiments samples were dried from two commonly used rinsing liquids, namely H,O and IPA, to see whether or not the rinse liquid has an effect on the detachment length. Drying from these solutions was done for hydrophobic and hydrophilic samples. The results of these measurements are shown in Fig. 7 . The residual strain of the polysilicon layer was measured by ring and buckled beam structures and was typically found to be in the order of 10 ppm. For the dimensions of the samples in this paper and the measured residual strain, the conditions to neglect the influence of the residual strain are generally satisfied (see previous section).
The detachment length showed scattering especially for the hydrophobic samples dried from water. Often long beams are free standing while shorter beams are sticking. Disturbances because of local surface asperities, dust particles, etc. strongly reduce adhesion re- suiting in errors that lead to an increase of the detachment length. In our experiments, the detachment length was determined from the shortest sticking beams (i.e. giving the highest bonding strength). From the detachment length the surface energy can be calculated by eqn. (11) . The slope of the curves in Fig. 7 is equal to [~%/4y,l'.~. The corresponding surface energies for hydrophobic and hydrophilic samples are listed in Table 1 . The errors in the surface energies are worst case values and are mainly determined by the error in the slopes of the curve fits.
Some samples were inspected by SEM to see if etch residues were left behind after the etching and rinsing procedures, but only smooth and clean surfaces were observed. Figure 8 shows an SEM photograph of the disappearing gap spacing between a sticking beam and the substrate.
Because the roughness is important with respect to the adhesion properties, as discussed before, the surface roughness was measured by atomic force microscopy. The root mean square values of the surface roughness of the bottom side of the microbridges varied from about 1 to 3 nm, depending on the thickness of the silicon oxide and polysilicon layer. The surface roughness of the silicon substrate after sacrificial layer etching was 0.2 mn. These values are very small and imply that the measured surface energies are only weakly influenced by the surface roughness of the samples.
Discussion
From Fig. 5 it can be seen that the measured pull-in length shows a linear fit with the parameter [dzh3]114 as predicted by the theory. However, the slope of the curve is 41 pm-'", which is lower than the theoretical value of 79 pm-'", calculated from eqn. (8) by using a plate modulus l? of 166 GPa, a surface tension y for IPA of 21.7 mN/m [20] and zero degree contact angles 81 and 82. The influence of the stepup boundary of the fabricated microbeams or other assumptions for the deflection profile have been considered and only lead to small variations in the pullin length and are thus unlikely to cause the discrepancy. The difference might be due to the non-equilibrium situation that exist during drying. The value used for the surface tension is only valid for IPA at thermodynamical equilibrium. During drying however, the liq uid is not in equilibrium. Dynamic effects such as spreading may lead to in an increase of the capillary forces. In the case of spreading [21] , the difference can be enormous, and is about 60 mM/m for organic liquids on oxides and 300 mN/m for water on metallic oxides. In our situation the increase would be 270 mN/ m as determined from the pull-in measurements.
The measured surface energies of sticking beams (Table 1) can be compared with the theory to determine which adhesion mechanisms are present. After the rinsing and drying procedures, as described above, no residues have been observed by microscopic or SEM inspection indicating that adhesion by solid bridging is not present. From Table 1 we see that the rinsing liquids which have been used hardly effect the adhesion energy and that it is mainly determined by the surface properties (i.e. hydrophobic or hydrophilic) of the materials which have been used. Although meniscus forces play an important role in the initiation of the physical contact between the beam and the substrate, the measured bond energies are too small to be caused by meniscus forces of a thin liquid film, remaining after drying or initiated by microcapillary effects. Also chemical bonding is precluded for the same reason. As already discussed before, electrostatic forces are unlikely to exceed van der Waals forces at small separations and are disregarded as a possible cause for stiction. This leaves van der Waals forces and hydrogen bonding as the possible causes for stiction.
The measured surface energies indicate that van der Waals forces are responsible for the hydrophobicbonded surfaces and hydrogen bridging is an additional bond mechanism for the hydrophilic bonded surfaces. The values for the surface energy show a good correlation with hydrophobic and hydrophilic wafer bonding experiments [15] . In this case energies are found of 0.04 to 0.1 J/m2 for hydrophobic wafers and 0.14 to 0.2 Jl m2 for hydrophilic wafers bonded at room temperature.
In summary, stiction is accomplished in a two-step process. First a temporary physical contact between surface micromachined structures and the substrate is induced by dynamic capillary forces during drying of the rinse liquid. After this, permanent attachment is caused by van der Waals forces and hydrogen bridges which are induced by the small separation distance during this contact.
The maximum free standing length, the detachment length, is a function of the adhesion energy of the beam to the substrate surface and the mechanical stiffness of the structures. The maximum free standing length can easily be increased by increasing the beam thickness and the sacrificial layer thickness and using larger tensile residual strains.
Stiction can be prevented or reduced in several ways which can roughly be divided into two groups. First there are methods based upon the prevention of physical contact between the structures and the substrate during fabrication. This is done by avoiding the attractive meniscus forces that bring the structures in contact with the substrate during the drying process, e.g. by freeze drying [l, 22, 231, critical point drying [24] or dry etching techniques [25, 261 . Also temporary increasing the mechanical stiffness of the structures by using breakaway supports [27] has been used. These methods have the disadvantage that stiction can still occur if the structures are afterwards brought into contact with the substrate by external forces like large accelerations or static charges [23] . Second there are methods based upon the reduction of the adhesional forces. This can be done by minimizing the surface energy, for instance by using hydrophobic surfaces or by surface treatments [2] , and by reduction of the real contact area by using stand-off bumps [6, 281 or by increasing the surface. roughness [29] . These methods result in a permanent reduction of the adhesional forces.
Conclusions
It has been shown that during, the drying process, attractive capillary forces are responsible for bringing micromechanical structures into contact with the substrate. A model for the surface tension forces during drying has been developed and applied to doubly clamped beams. Ear these beams a pull-in length exists beyond which the beams are forced into contact with the underlying substrate. Measurements of the pull-in length are in qualitative agreement with the theory. The measured values of the pull-in length are somewhat lower than predicted by theory. This is probably due to dynamical effects during the drying process.
After complete drying, structures remain stuck to the substrate. The measured adhesion energy of the resultant bond has been determined using the detachment length of the beams after complete drying. The resulting bonding strengths were independent of the used rinsing liquids, water and isopropanol. The adhesion energy ranged from 0.05 to 0.10 J/m2 for hydrophobic silicon surfaces and from 0.24 to 0.26 J/m2 for hydrophilic silicon surfaces. These energies indicate that van der Waals forces are responsible for the stiction of hydrophobic surfaces and hydrogen bridging is the dominant bond mechanism in the case of stiction of hydrophilic surfaces. These results are in agreement with dry wafer bonding experiments. Several methods to prevent or reduce stiction have been discussed.
